Glucose regulates the effects of leptin on hypothalamic POMC neurons
Leptin is believed to exert its potent appetite-suppressing effects via stimulation of hypothalamic anorexigenic proopiomelanocortin (POMC)-containing neurons and inhibition of orexigenic agoutirelated protein (AgRP) neurons. We show here that at 11 mM glucose leptin excites POMC cells. At 5 mM glucose, however, leptin hyperpolarizes POMC neurons and suppresses action potential firing, by producing a greater decrease in excitatory synaptic tone than inhibitory tone. These results argue that when glucose is low (5 mM or less) AgRP neurons will be more important for mediating the anorectic effects of leptin than POMC cells. However, at high glucose concentrations (11 mM), activation of POMC cells may contribute to the appetite-suppressing effects of leptin. Our data also suggest the regulation of neuropeptide efficacy as a novel function of hypothalamic glucose sensing.
excitatory postsynaptic currents ͉ glucose sensing ͉ inhibitory postsynaptic currents ͉ K ATP channel ͉ appetite L eptin, a circulating hormone produced and released from adipocytes, is a crucially important adiposity signal that has potent effects on energy homeostasis (1) . Mutations in genes encoding leptin or its receptor lead to severe obesity in rodents and humans (1, 2) . Because neuronal-specific deletion of the leptin receptor produces obesity, leptin is thought to act mainly on the CNS (3).
The hypothalamic arcuate nucleus (ARC) is important for regulation of energy balance and is considered one of the main targets of leptin (4, 5) . Leptin receptor mRNA is densely expressed in ARC neurons (6) , especially the proopiomelanocortin (POMC)-containing neurons (7) and agouti-related protein (AgRP) neurons (8) . These two subtypes of ARC neurons have opposing effects on food intake and energy metabolism: activity of POMC cells reduces food intake and body weight (4, 9, 10), whereas AgRP neurons stimulate feeding and increase body weight (11, 12) . Thus it is currently proposed that leptin exerts its anorectic effects via excitation of POMC neurons and inhibition of AgRP neurons (5) .
Electrophysiological studies all agree that leptin hyperpolarizes AgRP neurons and decreases their firing rate (13, 14) , although the mechanism by which it does so is unknown. The effects of leptin on POMC electrical activity, however, are controversial. One study reported that leptin produced a 10-mV depolarization in almost all POMC neurons (72/77) and stimulated neuronal firing (15) . However, others have reported that leptin has no effect on most POMC neurons (8/13) (16) .
A further consideration is that all electrophysiological studies of leptin action have been performed at external glucose concentrations of 10-11 mM. This concentration is higher than either the fasting or free-fed plasma glucose level (5-8 mM) and substantially higher than the extracellular concentration in the brain (0.7-2.5 mM) (17, 18) . Even for those neurons that lie in regions lacking the blood-brain barrier, glucose levels of Ն10 mM will be reached only after a meal and will be lower during fasting (17) . It is therefore important to determine the effect of leptin at more physiological glucose concentrations.
In this study, we identified POMC cells in mouse ARC brain slices by targeted expression of EGFP and studied their electrical responses to leptin at different glucose concentrations. We show that the effects of leptin depend on the ambient glucose level. At 5 mM glucose, leptin decreases the electrical activity of POMC cells, by reducing glutamatergic synaptic inputs more potently than GABAergic inputs. In contrast, at 11 mM glucose, leptin increases electrical activity by decreasing the predominant GABAergic tone.
Results
Electrical Properties of POMC Neurons in Different Glucose Concentrations. POMC neurons are difficult to identify in the ARC because they have few characteristic anatomical features and are intermixed with several other types of cells. We therefore used transgenic mice that selectively express eGFP in POMC neurons (10, 19, 20) .
We first measured the electrical activity of POMC-EGFP neurons in ARC brain slices at different concentrations of extracellular glucose. The results revealed that at 5 mM glucose (and 20-22°C), POMC cells have an average membrane potential of approximately Ϫ40 mV and fire spontaneously with a mean frequency of 2.24 Hz (Fig. 1 A, C, and D) . These values are similar to those previously found at 5 mM glucose (10, 19, 20) . At 11 mM glucose, however, POMC neurons had more hyperpolarized membrane potentials (mean Ϫ49 mV, P Ͻ 0.001) and a lower firing rate (mean 0.57 Hz, P Ͻ 0.01) ( Fig. 1 B-D) , as reported (16, 21) . The input resistance was independent of glucose concentration, being 1.5 Ϯ 0.8 G⍀ in 5 mM (n ϭ 49) vs. 1.6 Ϯ 0.2 G⍀ (n ϭ 11) in 11 mM glucose (P ϭ 0.45).
The effects of glucose on POMC cells could be direct or indirect and mediated via changes in synaptic tone. For example, a decrease in excitatory postsynaptic potential (EPSP) frequency would produce less postsynaptic depolarization and decrease action potential firing. Conversely, an increase in inhibitory postsynaptic potential (IPSP) frequency would increase the input conductance of the postsynaptic cells and reduce the firing rate. Thus, we next investigated the effect of glucose on synaptic inputs to POMC cells in voltage-clamp mode. Most synaptic activity in hypothalamic circuits is thought to be mediated by release of GABA or glutamate (22) . With chloride as the main intracellular anion and a holding potential of Ϫ60 mV, both excitatory glutamatergic and inhibitory GABAergic currents are inward ( Fig. 2A) (20, 23) . Excitatory postsynaptic currents (EPSCs) were identified by their sensitivity to 6-cyano-7-nitroquinoxaline-2,3-dione disodium salt (CNQX) (10 M) and D(Ϫ)-2-amino-5-phosphonopentanoic acid (DAP5) (50 M), which block AMPA and NMDA receptors, respectively. Inhibitory postsynaptic currents (IPSCs) were identified by their sensitivity to bicuculline (20 M), which blocks GABA-A receptors.
The relative frequency of EPSCs and IPSCs varied with the ambient glucose level. At 5 mM glucose, EPSCs were significantly more frequent than IPSCs: mean 3.6 Ϯ 0.4 Hz vs. 2.5 Ϯ 0.5 Hz, respectively [ Fig. 2 A and B and supporting information (SI) Table S1; n ϭ 6 cells, P Ͻ 0.05]. In contrast, at 11 mM glucose IPSCs were slightly, albeit significantly, more numerous than EPSCs: 2.9 Ϯ 0.6 Hz vs. 2.3 Ϯ 0.3 Hz, respectively ( Fig. 2 A and C and Table S1 ; n ϭ 10 cells). A similar frequency of IPSCs (3.3 Ϯ 0.8 Hz) at 11 mM glucose has been reported (24) . These data suggest that the more negative membrane potential of POMC neurons in 11 mM glucose is caused by an increase in IPSCs and a concomitant decrease in EPSCs, resulting in an increase in the overall inhibitory drive. In support of this idea, selectively blocking IPSP activity in 11 mM glucose with bicuculline resulted in a significantly depolarized membrane potential and faster firing rate (Ϫ38 mV, 2.66 Hz, n ϭ 10 cells) (Fig. S1 ).
Effects of Leptin on POMC Neurons at Different Glucose Concentra-
tions. The effect of leptin on the electrical activity of POMC cells depended on the glucose concentration. At 11 mM glucose and 32°C, 100 nM leptin stimulated electrical activity in Ϸ70% of POMC neurons (9 of 13), depolarizing the membrane potential by Ϸ9 mV and causing a Ϸ4-fold increase in firing frequency ( Fig. 3A and Fig. S2 A) . This finding is in agreement with a previous report that leptin stimulated most POMC neurons at 11 mM glucose and 32°C (15) . By contrast, at 5 mM glucose, leptin hyperpolarized 83% (5 of 6) of POMC neurons and reduced the firing frequency by 79% (P Ͻ 0.01; Fig. 3B and Fig. S2B ).
The inhibitory effect of leptin in the presence of 5 mM glucose was also observed at 20-22°C. Leptin produced an Ϸ8-mV hyperpolarization in 84% of POMC neurons (26 of 31) and decreased action potential frequency by 72% (P Ͻ 0.001; Fig. 3C and Fig. S2C ). In nine of these neurons a transient depolarization (Ϸ2 mV) was observed within 2 min of leptin addition (Table S2 ), but it was subsequently followed by a sustained hyperpolarization and a reduced firing rate. In 4 of 31 neurons (13%), leptin induced a small depolarization (3 mV) but had no significant effect on firing rate (Table S3) : it had no effect at all in one neuron. All subsequent experiments were carried out at 20-22°C.
Like leptin itself, leptin 22-56, a physiologically active leptin fragment that induces satiety in rats and depolarizes rat hypothalamic paraventricular nucleus neurons (25) , hyperpolarized seven of nine POMC neurons and markedly reduced their spontaneous firing in 5 mM glucose (Fig. S3 ). There was no difference in the inhibitory effect of leptin on POMC neurons from male and female mice (Fig. S4 ) or from 2-and 4-week-old mice (Fig. S5 ).
Because the above experiments involved at least 15 min of continuous recording, and the effects of leptin were not readily reversible on the time scale of our experiments, we examined the effect of long-term recordings without leptin addition. We wanted to exclude the possibility that the hyperpolarization we observed was not caused by leptin action but instead by washout of cytosolic components. When perfused with artificial cerebrospinal fluid (aCSF) alone for the same time period used for the leptin (and leptin 22-56) experiments, the electrical activity of POMC neurons remained largely unchanged (n ϭ 11 cells; Fig. S6 ).
Mechanism of Leptin Action. Taken together, our data indicate that leptin excites the majority of POMC neurons at 11 mM glucose, EPSCs were identified by their sensitivity to DAP5/CNQX, and IPSCs were identified by sensitivity to bicuculline.
but inhibits most neurons at 5 mM glucose. We next addressed how leptin mediates hyperpolarization of POMC neurons and decreases the firing frequency.
Leptin activates K ATP channels in unidentified ARC neurons (26) , and both leptin and insulin action is mediated via PI3K activation (27) . Consistent with these reports, elevation of PIP 3 in POMC neurons increased the K ATP current and led to neuronal silencing (10) . However, we found no significant effect of leptin on the K ATP conductance of POMC cells (Table S4) .
It has been reported that leptin stimulated POMC electrical activity in 11 mM glucose via activation of a nonselective cation current and a decrease in IPSC frequency (15) . We therefore next tested the effects of leptin in the presence of 1 M tetrodotoxin (TTX), which blocks Na ϩ -dependent action potentials. Under these conditions, leptin (100 nM) had no significant effect on the membrane potential of POMC neurons in either 11 mM glucose (n ϭ 6 cells; Fig. 4 A and C) or 5 mM glucose (n ϭ 4 cells; Fig. 4 B and D) . This finding suggests that changes in voltage-dependent channel activity, or action potentialmediated presynaptic inputs, may be responsible for the observed effects of leptin on the firing and membrane potential of POMC neurons.
To distinguish between these two possibilities, we tested the effect of blocking synaptic inputs to POMC cells. We used CNQX (10 M), DAP5 (50 M), and picrotoxin (100 M) to block AMPA, NMDA, and GABA-A receptors, respectively. When all three receptor types were blocked, leptin had no significant effect on either the membrane potential or the firing frequency of POMC cells (n ϭ 9 cells; Fig. 4 E-G) , which suggests that changes in action potential-dependent release of GABA and/or glutamate are largely responsible for the effects of leptin on the electrical activity of POMC cells.
Effects of Leptin on POMC Neurons Are Mediated by Reducing Glu-
tamatergic and/or GABAergic Tones. To examine the effects of leptin on glutamatergic EPSCs we used picrotoxin to block GABAergic IPSCs; the picrotoxin-resistant synaptic currents were abolished by subsequent application of DAP5/CNQX (Fig. 5A) , confirming that they were glutamatergic. Leptin reduced EPSC frequency by 65% (P Ͻ 0.001; Fig. S7A ). When GABAergic IPSCs were blocked by picrotoxin, leptin (100 nM) still hyperpolarized POMC cells and reduced their firing by 64% (P Ͻ 0.01; Fig. 5B and Fig. S7 B and C) . These results indicate that suppression of excitatory glutamatergic inputs is at least partly responsible for the leptin-induced inhibition of POMC neurons.
Next, we tested the effects of leptin on GABAergic IPSCs, using DAP5 and CNQX to block glutamatergic EPSCs. The DAP5/CNQX-resistant synaptic currents were completely blocked by subsequent application of picrotoxin, confirming they are mediated by GABA-A receptor Cl Ϫ channels (Fig. 6A) . Leptin reduced the frequency of GABAergic IPSCs by 51% (P Ͻ 0.01; Fig. S7D ). Furthermore, when excitatory inputs were blocked with DAP5/CNQX, leptin (100 nM) depolarized POMC cells and increased their firing frequency Ͼ2.5-fold ( Fig. 6B and Fig. S7 E and F) . These data suggest that leptin decreases GABAergic IPSCs and thereby stimulates POMC firing when glutamatergic EPSCs are blocked. Taken together, these results imply that the effects of leptin on POMC neurons depend on the relative extents of excitatory and inhibitory synaptic inputs. When glutamatergic tone predominates, as at 5 mM glucose, leptin inhibits POMC cells; whereas when GABAergic tone is dominant, as at 11 mM glucose, leptin stimulates firing.
Discussion
In this study, we show that the effects of leptin depend on the ambient glucose concentration. At 5 mM glucose, leptin hyperpolarizes ARC POMC neurons and inhibits action potential firing by suppressing EPSCs more than IPSCs. In contrast, at 11 mM glucose leptin depolarizes POMC neurons, as reported (15) . The observation that leptin action can be modulated by changes in the balance between excitatory and inhibitory synaptic tone may explain the variable effects of leptin on POMC neurons reported in the literature.
Effects of Glucose on POMC Cells. We found that the membrane potential and firing rate of POMC neurons varies with the extracellular glucose concentration. All studies to date report a more negative membrane potential for POMC cells at 11 mM glucose (approximately Ϫ50 mV) than at 5 mM glucose (approximately Ϫ40 mV). However, conflicting effects of glucose on POMC neuronal firing rate have been reported. Although some investigators found that increasing glucose from 3 to 5 mM (28) or from 5 mM to 10 mM (29) excites POMC neurons, others have reported that glucose is without effect on POMC neurons, or even reduces the firing rate (30) . The reason for this discrepancy is unknown.
At 5 mM glucose, blocking all synaptic inputs led to membrane hyperpolarization, which is consistent with the idea that POMC neurons receive a net resting excitatory tone at 5 mM glucose. This finding is in agreement with electron microscopy studies showing that excitatory synapses are more numerous than inhibitory ones (23) . When glucose was elevated to 11 mM, however, glutamatergic EPSCs decreased and GABAergic IPSCs increased, in agreement with a previous report that EPSC tone is ''low'' at 11 mM glucose (15) . These changes in synaptic activity led to membrane hyperpolarization and a reduced firing rate. The observations that at 11 mM glucose POMC cells were depolarized either from Ϫ49 mV to Ϫ44 mV by blocking action potential-mediated synaptic transmissions or from Ϫ49 mV to Ϫ38 mV by blocking GABAergic IPSCs tone support the idea that at this glucose concentration POMC neurons receive a net inhibitory tone.
Our data therefore suggest that the GABAergic neurons that synapse onto POMC cells are excited by glucose, whereas glutamatergic neurons are inhibited. The location of these neurons is unknown. GABAergic IPSCs could be mediated by AgRP neurons or inhibitory interneurons within the ARC itself. A possible origin of the glutamatergic EPSCs could be the orexin (hypocretin) neurons of the lateral hypothalamus, which are inhibited by glucose (31) , whose terminals interact with POMC cells, and about half of which contain the vesicular glutamate transporter VGluT2 (32) .
Two key questions remain. What extracellular glucose concentration POMC cells do experience physiologically, and does this concentration vary with plasma glucose? Neither is simple to answer. During plasma euglycemia (5-8 mM), the extracellular glucose concentration in the brain ranges between 0.7 and 2.5 mM (17, 18) . Thus a glucose concentration of 11 mM is unphysiologically high for most brain neurons. However, the ARC lies close to the median eminence, one of the circumventricular organs within the brain where the blood-brain barrier is lacking (33) . Therefore ARC POMC cells may normally be exposed to glucose levels approximating those of plasma. If this were the case, POMC cells might experience extracellular glucose levels of 5 mM during euglycaemia and 11 mM, or even higher, immediately after a meal. Further investigations to address the extent to which extracellular glucose in the ARC varies with food intake are therefore important.
Mechanism of Leptin Action on POMC Cells. Several pieces of evidence support the idea that the effects of leptin on POMC cells are mediated primarily by modulation of presynaptic inputs. First, the inhibitory effect of leptin was abolished in the presence of blockers of glutamatergic and GABAergic synaptic transmission. Second, leptin was ineffective in the presence of TTX, which indicates that voltage-activated postsynaptic currents are not involved. Third, leptin inhibited POMC neurons without causing any significant changes in membrane resistance or K ATP conductance, consistent with a lack of effect on postsynaptic conductance. Finally, leptin decreased both glutamatergic EPSCs (65%) and GABAergic IPSCs (51%) in POMC neurons at 5 mM glucose. A 25% reduction in IPSC frequency (albeit in only 30% of POMC neurons) was also reported at 11 mM glucose (15) .
It is clear from our data that the effect of leptin on POMC cells will depend strongly on the relative extents of excitatory and inhibitory inputs, with the balance between the two determining the effect on electrical activity. At low glucose levels, leptin decreases the overall excitatory tone and therefore hyperpolarizes POMC neurons and reduces their firing rate. In contrast, at 11 mM glucose, leptin increases the overall excitatory tone, so stimulating POMC neurons. Other conditions that selectively influence IPSC or EPSC tone may also be expected to modulate the effect of leptin on POMC neurons. In particular, a reduction in EPSC tone will cause leptin to stimulate, rather than inhibit, electrical activity. The variability in EPSC and IPSC frequency reported in the literature suggests that exogenous factors (such as glucose) may indeed modulate synaptic tone.
Cowley et al. (15) found that at 11 mM glucose leptin stimulated POMC neurons via activation of a nonselective cation current, suggesting that leptin also interacts directly with POMC neurons. In contrast, in our experiments, the effects of leptin on the firing rate of POMC cells are largely indirect, mediated via modulation of synaptic inputs. The reason for this discrepancy is unknown. It is clear, however, that leptin can act directly on POMC neurons to modulate gene expression. For example, leptin selectively induces c-fos expression in POMC cells (34) , and mice expressing a mutated leptin receptor, which removes the Stat3-binding site, become grossly obese and exhibit decreased expression of POMC (35) .
Conclusions
In summary, we show that glucose regulates the effect of leptin on POMC electrical activity by modulating presynaptic inputs. At low glucose levels, leptin inhibits POMC electrical activity by reducing the dominant glutamatergic synaptic tone. Because electrical silencing of POMC cells leads to enhanced food intake, whereas silencing of AgRP cells reduces food intake, our results support the view that AgRP neurons are more important than POMC cells for mediating the anorectic effects of leptin at low levels of blood glucose. When blood glucose is elevated, however, leptin excites POMC neurons. This effect would be expected to reduce food intake further. Thus glucose and leptin cooperate to regulate POMC activity and thereby food intake and energy expenditure during hyperglycaemia.
Our data show that it is important to consider the glucose level, and the balance between excitatory and inhibitory synaptic tone, when evaluating the effect of leptin on POMC cells. This may help to account for the different efficacies reported for leptin action in the literature. The glucose-dependent effects of leptin may also help explain why in vivo studies have failed to detect severe obese phenotypes when leptin receptors were deleted (36) or leptin signals were inactivated in POMC neurons (37) , because under euglycaemic conditions leptin does not excite POMC cells.
The demonstration that differential modulation of presynaptic inputs can influence the effect of leptin on POMC neuronal activity (and presumably thereby food intake and weight) raises the question of whether other transmitters or neuropeptides that regulate presynaptic inputs may mediate similar effects on the response of POMC cells to leptin or indeed other neuromodulators. Our results also suggest that the function of hypothalamic glucose sensing may not only be to influence physiological functions directly, but to modulate the efficacy of other neuropeptides.
Materials and Methods
Generation of POMC-EGFP and AgRP-EGFP Transgenic Mice. The POMC-EGFP mice were created using the Cre-lox system. The generation and validation of the POMC-EGFP mouse model has been described in detail (10, 36) .
Electrophysiology. Coronal brain slices (250 -300 m) containing the ARC were prepared from 2-to 4-week-old POMC-EGFP mice (10, 20) . After at least 30 min recovery at 35°C in aCSF gassed with 95% O2 and 5% CO2, brain slices were transferred to a recording chamber and continuously perfused at 2-4 ml/min with gassed aCSF by using an ISMATEC solution pump. aCSF contained 125 mM NaCl, 21 mM NaHCO3, 2.5 mM KCl, 1.2 mM NaH2PO4, 2 mM CaCl2, 2 mM MgCl2, 10 mM Hepes (pH 7.4), and 5 mM glucose unless otherwise indicated.
Brain slices were viewed with a Zeiss Axioskop microscope fitted with fluorescence and infrared differential interference contrast (IR-DIC) systems. Fluorescent POMC-EGFP or AgRP-EGFP neurons were identified by epifluorescence and patched under IR-DIC optics. Whole-cell current-clamp (with zero holding current) and voltage-clamp recordings were made with an EPC-9 patch-clamp amplifier as described (10, 20) . Resting potentials of firing neurons were determined from slow time-scale recordings on which a clear baseline was evident; this baseline was taken as the resting potential (10, 20) . For measurement of postsynaptic currents (PSCs), cells were voltage-clamped at Ϫ60 mV and sampled at a frequency of 20 kHz. Spontaneous currents were continuously recorded for 5-10 min in each solution. The frequency of PSCs was calculated before and after drug addition; PSCs were counted manually in 3-s voltage-clamp sweeps for 20 consecutive sweeps (20) .
For most experiments, patch pipettes were filled with internal solution containing 128 mM K-gluconate, 10 mM KCl, 10 mM Hepes (pH 7.3, adjusted with KOH), 0.1 mM EGTA, 2 mM MgCl2, 0.3 mM Na-GTP, and 3 mM K2-ATP. For measurement of PSCs, patch pipettes were filled with 140 mM KCl, 10 mM Hepes, 0.1 mM EGTA, 5 mM MgCl 2, 0.3 mM Na-GTP, and 5 mM K2-ATP, pH 7.3 adjusted with KOH. The external (bath) solution was aCSF with 5 mM glucose except where indicated. Leptin, leptin 22-56, tetrodotoxin, CNQX, DAP5, bicuculline, or picrotoxin was added to the bath solution as indicated. Leptin 22-56 was supplied by Phoenix Pharmaceuticals; all other drugs were from Sigma. Experiments were carried out at 22-25°C or 32°C as indicated.
Data are presented as mean Ϯ SEM for the indicated number of experiments (n). Statistical significance was evaluated by using the paired t test or the independent t test.
